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Abstract 
Periphyton composition, density, and diversity (Shannon-Wiener index), as well as thickness of periphyton 
communities developed on glass coupons, were studied from nearshore areas of northwest Lake Simcoe, Canada, 
during 2009, 2010, and 2011. The objective of this study was to quantify the temporal (yearly) changes in periphyton 
occurring in the littoral zone of Lake Simcoe and identify water quality variables that may be driving periphyton 
community dynamics. Clean glass slides were suspended at 0.5 m below the surface waters and retrieved on multiple 
days after suspension. The retrieved glass slides were immediately analyzed under a microscope to observe periphyton 
genera composition, density, diversity, and biofilm thickness. While the number of genera, diversity, and biofilm 
thickness showed significant variation among years of observation, the density did not. In all 3 years, Bacillariophyta 
were the dominant group, while Chlorophyta, cyanobacteria, and Chrysophyta were routinely represented in the 
periphyton community. A periphyton community dominated by Navicula and Gomphonema in 2009 changed to 
Achnanthidium and Cocconeis in 2010, which subsequently changed to Achnanthidium and Navicula (all belonging 
to Bacillariophyta) in 2011. The density of periphyton was significantly related to biofilm thickness across all 3 years. 
Principal component analysis on periphyton genera composition and abundance showed variation among years. 
Regression analysis suggested the shift in the number of genera was related to the variation in total phosphorus and 
dissolved oxygen concentrations in the water. Long-term data on periphyton community dynamics will prove useful to 
devise a periphyton-based water quality index for northwest Lake Simcoe. 
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Introduction
Periphyton and phytoplankton species composition and 
growth have been shown to be useful indicators of nutrient 
enrichment (Schindler 1978, Tilman 1982, Stevenson 
1998, Jeppensen et al. 2000, Dynes et al. 2006). A number 
of studies have suggested the ratio of total nitrogen (TN) 
to total phosphorus (TP) in the water column is the driving 
factor influencing phytoplankton growth (Stockner and 
Shortreed 1978, Sommer 1996, Stelzer and Lamberti 
2001) and that TN:TP plays a significant role in phyto-
plankton community structure (Tilman 1977, 1982). 
Overlapping resource requirements, coupled with specific 
nutrient affinity, result in interspecific competition among 
phytoplankton. Similarly, exploitative competition for 
nutrients is expected to alter species composition in 
benthic algal communities (Burkholder et al. 1990). As 
well, nutrient-driven changes in phytoplankton community 
structure may influence the periphyton community 
structure at a locality, which suggests that periphytic algae 
may also be useful water quality indicators; however, their 
value as such has been inconsistent (Liboriussen and 
Jeppensen 2006). This inconsistency is attributed to a 
number of factors, including incompatible methodologies 
and sampling periods among studies, and geographic and 
environmental (e.g., substratum surface, water chemistry) 
differences among study sites. Despite these issues, 
periphyton can be appropriate water quality indicators 
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because they respond to environmental perturbations 
(Vadeboncoeur et al. 2006) and are abundant in littoral 
zones (due to the availability of light and substratum 
surfaces such as rooted or floating plants, rocks, and 
stones), which are continuously subject to land runoff and 
effluent discharge (Carlton and Wetzel 1988, Hansson 
1988, Lambert et al. 2008). Creation of a periphyton-based 
water quality index requires extensive long-term data from 
the geographic region of interest, however. These data 
may include periphyton community structure such as 
species/genera composition, dominant genera, cell density, 
and their change over time (Kanavillil et al. 2012). 
Water quality indicators include periphyton, phyto-
plankton, fish, macroinvertebrates, amphibians, 
macrophytes, fecal coliforms, and total coliforms (Holland 
1968, Barbour et al. 1999, Glassmeyer et al. 2005, Peeler 
et al. 2006, Karthick et al. 2010). Biological indicators are 
described as organisms that show variation with changes 
in water quality parameters. Periphyton communities 
require hard surfaces and sunlight to grow, and these 
surfaces are largely found in the littoral areas of aquatic 
ecosystems. Because periphyton communities develop 
commonly in the littoral zone, they are directly exposed to 
contaminants that originate from the land. These anthro-
pogenic contaminants may include industrial effluents and 
suspended sediments that include nutrients and other con-
taminants (Rowny and Stewart 2012). 
Many studies have investigated the relationship 
between the nutrients in the water and phytoplankton 
production (Edmondson 1961, Schindler 1978, Jeppensen 
et al. 2000); however, few studies have explored the rela-
tionship between nutrients in water and periphyton 
production (Liboriussen and Jeppensen 2003, Vadebon-
coeur et al. 2003). Although controlled mesocosm studies 
have shown that nutrient enrichment enhances periphyton 
production (Cattaneo and Kalff 1980, Mazumder et al. 
1989), the impacts of nutrient enrichment in natural lakes 
are inconsistent (Stevenson et al. 1985, Cattaneo 1987). 
Despite this inconsistency, the high potential for 
periphyton growth in lakes due to the availability of 
shallow littoral areas and substratum surfaces (Wetzel 
1990) and their proximity to anthropogenic contaminants 
suggest periphyton can function as a potential indicator of 
nutrient enrichment and, consequently, as an important 
ecosystem component requiring continued monitoring.
Water quality plays an important role in determining 
the periphyton community composition in a locality. 
Periphyton develops from phytoplankton propagules, but 
once established, periphyton growth and survival are ac-
complished largely by vegetative growth of the attached 
forms rather than by continuous recruitment from the phy-
toplankton. Thus, nutrient dynamics in the water column 
influence the periphyton community directly by altering 
the growth of periphyton members through advective 
nutrient transport from the flowing water and indirectly by 
influencing the growth and composition of phytoplankton 
(Mulholland et al. 1994). In addition, the intense nutrient 
retention and recycling in the periphyton matrix, which is 
aided by the action of bacteria, help in the growth of 
periphyton members (Rier and Stevenson 2002, Carr et al. 
2005, Scott et al. 2008). Thus, a high degree of sustainable 
primary production is possible in this boundary layer 
community (Wetzel 1993).
In the United States, periphyton indices of environ-
mental stresses have been developed and tested in various 
states (Patrick 1986, Hill et al. 2000), and changes in 
community composition are used as ecosystem health 
indicators (Stevenson 1998, Dynes et al. 2006). Bioassess-
ment of environments by monitoring periphyton is 
considered a rapid monitoring technique, which, according 
to Barbour et al. (1999), consists of 2 protocols: (1) a 
standard approach in which the biomass and species 
composition are analyzed; and (2) a field-based rapid 
survey of periphyton biomass and a coarse level of 
taxonomic composition (Stevenson and Bahls 1999). 
Benthic periphyton has also been used to monitor the 
health of streams and rivers in Canada (Winter and Duthie 
2000, Winter et al. 2003).
Lake Simcoe, Ontario, Canada, has shown P 
enrichment and associated deterioration of water quality 
and the coldwater fishery in the recent past, and the issue 
has captured the attention of lake conservation managers 
(Winter et al. 2007). Developmental history in the Lake 
Simcoe watershed shows that this area has been largely 
influenced by human activities over the past 200 years 
(Evans et al. 1996). During the past 40 years, the human 
population in the urban Lake Simcoe watershed has 
quadrupled and is projected to reach 642 000 by 2031 
(OMPIR 2006, Palmer et al. 2011). Point and nonpoint P 
loading to Lake Simcoe increased 3-fold by the early 
1980s as compared to the pre-European settlement period 
(Johnson and Nicholls 1989) and contributed to additional 
phytoplankton growth. The Lake Simcoe Environmental 
Management Strategy was enacted in 1981 with a goal to 
restore the water quality of Lake Simcoe (LSEMS 2003, 
Winter et al. 2007). Phytoplankton dynamics in Lake 
Simcoe are well studied (Nicholls et al. 1985, 2002), and 
parameters such as phytoplankton biovolume and species 
composition have been used as indicators to monitor the 
health of the lake (Eimers et al. 2005, Winter et al. 2011); 
however, periphyton in the nearshore waters are often the 
organism first exposed to nutrients originating from an-
thropogenic activities on the land (Vadeboncoeur et al. 
2003, Poulickova et al. 2004) and are similarly expected 
to respond to changes in P, suggesting they may also be 
useful indicators of the health of Lake Simcoe.  
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Although the usefulness of periphyton community 
dynamics as a water quality index has been recognized for 
years, such a water quality monitoring strategy is not yet 
available for Lake Simcoe because periphyton community 
dynamics in relation to water quality parameters, particu-
larly P concentration, have not been adequately studied in 
the lake (Kanavillil et al. 2012). The major objectives of 
this study were to quantify the temporal (yearly) changes 
in periphyton community composition, density, and 
growth (thickness) occurring in the littoral zone of 
northwest (NW) Lake Simcoe and identify water quality 
variables that may be driving periphyton community 
dynamics. The data generated contribute to a better under-
standing of the role of water quality parameters as controls 
on the periphyton community dynamics in this area and 
validate their use as an index of water quality.
Study site
The study site was in the littoral zone in the NW part of 
Lake Simcoe (44°35ʹ21.7ʺN; 79°24ʹ4.5ʺW) near Orillia, 
Ontario. The sampling location was selected to represent a 
less disturbed area compared to the southern part of the 
lake (OMOE 2012). The NW portion of Lake Simcoe is 
also affected by anthropogenic activities, however, such as 
expansion of the cottage industry, fishing, and water 
sports, and it connects the inland Trent-Severn Waterway 
that runs from Lake Ontario to Lake Huron. Although our 
study site may not be representative of anthropogenic 
impacts across the entire littoral zone of Lake Simcoe, it is 
representative of the NW portion of the lake.
Lake Simcoe is a large lake with a surface area of 
722 km2 and a mean depth of 17 m with about 5% of the 
lake’s surface area having a depth >30 m (Campbell and 
MacCrimmon 1970, Winter et al. 2007). Lake Simcoe has 
been identified as a disturbed inland water ecosystem due 
to its nutrient enrichment and historical declines in the 
coldwater fishery (LSEMS 2003, Winter et al. 2007), 
although recent data suggest improvements in the fishery 
and some indicators of water quality (North et al. 2013). 
Recent mitigation strategies have helped to decrease 
annual TP loading to the lake, and a corresponding 
decrease in phytoplankton biovolume has been 
documented (Evans et al. 1996, Nicholls 1997, Winter et 
al. 2011).
Methods
Periphyton communities were collected using glass slides 
of 3 × 10 × 0.1 cm suspended at ~0.5 m below the water 
surface in the littoral zone at a site 1.5 m deep (Kanavillil 
et al. 2012). Initially, 24 slides were suspended with the 
use of a wooden frame periphytometer (Stevenson and 
Bahls 1999). All slides were suspended vertically in a 
single horizontal transect in the wooden frame. The 
distance between any 2 slides in the frame was 3 cm.
The growth and succession of periphyton in natural 
biofilms were studied during the summer months (Jun–
Aug) of 2009, 2010, and 2011. Two or 4 exposed glass 
slides were retrieved at fixed time intervals: 1, 3, 5, 7, 10, 
15, 20, 25, and 30 d after deployment. After removal, the 
glass slides along with the intact periphyton communities 
were immediately immersed in water collected from the 
sampling location and transported to the laboratory for 
analysis. Each slide was placed in a separate plastic bottle 
to prevent any disturbance during transport. This study 
was repeated 3 times during 2009 and 2010 (1–30 Jun, 
1–30 Jul, and 2–31 Aug), and 2 times during 2011 (1–30 
Jul and 2–31 Aug). Each slide was examined separately, 
and data for each of the replicate slides per collection date 
were averaged for analysis as well as for plotting graphs.
The preparation of glass slides for observation, number 
of replicate observations per slide, and microscopic 
techniques have been described previously by Kanavillil 
et al. (2012). The periphyton were regularly hydrated 
during observation by using a Pasteur pipette to add drops 
of aged lake water (lake water collected from the study 
site, filtered through Whatman No.1 filters, and kept in the 
refrigerator for several months). At each point of 
observation, periphyton genera composition, periphyton 
density (cell number cm−2), and biofilm thickness (mm) 
were recorded. The slides were observed at 100×, 400×, or 
1000× magnification when necessary, to identify 
periphyton to genus using the keys in Round et al. (1990) 
and Prescott (1978). The biofilm thickness was determined 
according to Bakke and Olsson (1986) and as described in 
Kanavillil et al. (2012). The algal density on each glass 
slide was expressed as the average number of cells 
observed per cubic centimeter at 9 points of observation 
on each slide. The dominant genus was determined from 
the average percent composition of each genus present. 
Periphyton taxonomic diversity was calculated using the 
Shannon-Weiner index (Ricklefs 2001).
Water quality parameters
Each year during the study, 4 water samples were 
collected from the subsurface (~0.5 m below the water 
surface, the same depth at which slides were suspended), 
totaling 12 samples. The sample collections were 
conducted on 1, 10, 20, and 30 d. To be consistent, the 
data collected in July during 2009, 2010, and 2011 were 
used for analyses. Water samples were collected in 
separate acid-washed sampling bottles and analyzed for 
TP, nitrite, nitrate, and dissolved organic carbon (DOC) 
concentrations following standard analytical protocols 
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(APHA 2005) at Lakehead University Environmental 
Laboratory, a Canadian Association of Laboratory Accred-
itation (CALA) ISO17025 laboratory. A water sample for 
chlorophyll a (Chl-a) was also collected, filtered using 
0.45 mm Whatman glass fiber filter paper, and analyzed 
using a DU 730 UV-Vis Spectrophotometer (Beckman 
Coulter, Mississauga, ON, Canada). Subsurface water 
temperature and dissolved oxygen (DO) concentration 
were measured in situ using a probe (SympHony, 
SB90M5; VWR, Radnor, PA, USA). 
Data analysis
Periphyton data (except percent composition of genera) 
and water quality parameters were log10 transformed prior 
to analyses because they failed normality tests and to meet 
parametric data analysis assumptions. The variation in 
periphyton parameters such as algal density, thickness, 
and number of genera among years of observation and 
duration of slide exposure was studied using repeated 
measure analysis of variance (rmANOVA) with a Green-
house-Geisser correction (IBM SPSS Statistics, Ver. 19, 
SPSS Inc., Armonk, NY, USA). Post-hoc tests adjusted 
using the Bonferroni correction were carried out to study 
the pair-wise comparisons. Independent linear regression 
analyses (simple) were performed between periphyton 
density, thickness, number of genera, diversity, and the 
water quality parameters to identify the water quality 
parameters that influenced the periphyton parameters both 
among July collection dates within a year (n = 4; statistical 
interpretation was limited by the low number of samples) 
as well as all 3 years combined (n = 12). Regression 
analyses were also used to study the relationships between 
the periphyton parameters (n = 27). 
Prior to regression analysis, preliminary one-way 
ANOVAs were used to test for significant differences in 
periphyton parameters among months during the 3 years of 
study. ANOVA results indicated no significant intraannual 
variation among months for algal density (F2,26 = 0.43, 
p = 0.65; F2,26 = 0.91, p = 0.41; and F1,15 = 0.06, p = 0.8 for 
2009, 2010, and 2011, respectively), biofilm thickness 
(F2,26 = 1.34, p = 0.27; F2,26 = 3.1, p = 0.07; and F1,17 = 1.06, 
p = 0.32 for 2009, 2010, and 2011, respectively), and 
the number of genera (F2,26 = 0.44, p = 0.64; F2,26 = 3.2, 
p = 0.08; and F1,15 = 0.01, p = 0.90 for 2009, 2010 and 
2011, respectively). We assumed that the variation of water 
quality parameters did not have a significant impact on 
periphyton parameters among months, and the monthly 
periphyton data were pooled within each year before 
regression analyses; therefore, the pooled data on 
periphyton parameters were compared to water quality 
parameter measures from July, a representative month of 
the study period in each year. Regression analysis was also 
performed between Chl-a and the other water quality 
parameters. ANOVAs and regression analyses were 
performed using SPSS ver 19 (SPSS Inc., Armonk, NY, 
USA). For the regression analyses, p < 0.05 was 
considered significant, and p < 0.1 but ≥ 0.05 was 
considered approaching significance (near significant). The 
covariance of periphyton taxonomic composition and 
abundance during the years of study based on average 
yearly data were examined using principal component 
analysis (PCA; Community Analysis Package ver 2.15, 
Pisces Conservation Ltd., New Milton, UK). 
Results
Water quality parameters
The highest mean Chl-a concentration was recorded in 
2011 (19.2 mg L−1; Table 1). The highest mean TP concen-
tration was observed in 2010 (16.6 mg L−1) and corre-
sponded with the lowest recorded mean DO concentration 
(4.7 mg L−1). The water temperature during the study 
period did not vary greatly, with the lowest mean 
temperature recorded in 2011 (19.8 °C) and the highest 
mean temperature recorded in 2010 (21.4 °C). While 
nitrite concentrations during the study were consistently 
below the detection limit of 6.0 mg N L−1, nitrate concen-
trations were above the detection limit (9.0 mg N L−1) in 
2010. The mean DOC concentration did not vary greatly 
among the 3 study years. Among the water quality 
parameters studied, the Chl-a concentrations were found 
to have a significant negative relationship with water 
temperature (linear regression analysis, R2 = 0.39, 
p = 0.02), while the remaining parameters did not show a 
relationship with Chl-a concentrations.
Periphyton taxonomic composition 
The composition of genera in the periphyton communities 
varied among 2009, 2010, and 2011 (Table S1, Supple-
mental Information), although the total number of genera 
observed did not vary greatly (31 ± 2.5 genera per year). 
Despite this low variability, the number of periphyton 
genera present significantly differed among the study 
years, as well as the retrieval dates (i.e., duration of 
coupon exposure) in the 3 years of observation 
(rmANOVA, F = 70.45, p < 0.001 and F = 3.47, p = 0.013, 
respectively; Table S2). Also the interaction between year 
of observation and duration of glass slide exposure was 
significant (F = 5.65, p = 0.001). 
The post-hoc analysis showed that each year signifi-
cantly differed during the study. In the pair-wise analysis of 
the number of days of slide exposure, the most significant 
difference was observed between day 7 and 10, and day 10 
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and 20. In all 3 years, the day 1 periphyton community had 
an average of 9.5–15 genera (Fig. 1A). The maximum 
number of genera was present on day 10 (~15 genera in 
2009 and 2010, 29 genera in 2010). In 2010, the number of 
genera fell slightly after day 10 then stabilized around 25 
genera during the reminder of the study period. In 2011, 
the number of genera slowly decreased after day 15, while 
in 2009 the number of genera sharply declined after day 10 
to a minimum of 3 genera on day 20 and remained below 
10 genera for the remainder of the study period (Fig. 1A). 
Table 1. Variation of major water quality parameters in NW Lake Simcoe between 2009 and 2011. Each value indicates the mean of 12 
observations with the standard deviation shown in parentheses. BDL indicates below detection limit (6.0 and 9.0 µg N L−1 for nitrite and nitrate, 
respectively). DOC indicates dissolved organic carbon.
Parameters 2009 2010 2011
Water temperature (°C) 21 (2.5) 21.4 (1.9) 19.8 (3.0)
Dissolved Oxygen (mg L−1) 11 (1.4) 4.7 (1.6) 5.8 (0.7)
Chl-a (µg L−1) 2.3 (1.1)  4.4 (1.7) 19.2 (10.8)
Total Phosphorus (µg L−1)  5 (0) 16.6 (1.1) 10 (1.4)
Nitrite (µg N L−1) BDL BDL BDL
Nitrate (µg N L−1) BDL 80.0 (14) BDL
DOC (mg L−1) 3.2 (0.3) 3.4 (0.01) 3.3 (0.4)
Fig. 1. Temporal variation in (A) the number of periphyton genera and (B) Shannon-Weiner diversity index with the duration of coupon 
exposure at NW Lake Simcoe. Each sampling point indicates average readings from 2 slides except from days 10, 20, and 30 when averages 
from 4 slides were taken. For each slide, 9 locations were observed to get an average reading per slide. Error bars indicate 1 standard deviation.
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The diversity of periphyton genera also varied signifi-
cantly among the 3 study years and with the duration of 
slide exposure (rmANOVA, F = 18.03, p < 0.001 and 
F = 8.25, p = <0.001 for year and duration of slide 
exposure, respectively; Table S2). Also, the interaction 
between year of observation and days of glass slide 
exposure resulted in significant variation (F = 8.26, 
p = <0.001). The post-hoc analysis showed 2010 differed 
from 2009 and 2011. Within each year, pair-wise analysis 
of the number of days of slide exposure showed that 
diversity values did not significantly differ during the 
early phase of community development but did differ after 
10 d. The Shannon-Weiner diversity index was generally 
higher during the early phase of the study (between day 1 
to ~7–10) than in the latter part of the 30 d study period 
(Fig. 1B). The lower diversity values observed during the 
latter half of the study period in 2009 coincided with the 
dominance of Navicula, which accounted for up to 97% of 
the community (Fig. 2A). Similarly, a high relative 
abundance of Achnanthidium in 2010 (82% by day 25) 
and in 2011 (95% by day 30) reduced the diversity index 
of the periphyton community (Fig. 2B and C).
PCA also showed considerable differences in the 
periphyton community compositions among the 3 years 
with 99.9% of the variation accounted for along the first 2 
axes (Fig. 3). The covariance obtained in the eigenvector 
values showed a maximum of 67.8% horizontal axis 
variation and 32.2% vertical axis variation. The 2009 
community was characterized by the presence of 
Chlorophyta (Chlorella and Cosmarium), Bacillariophyta 
(Amphipleura and Scenedesmus), Chrysophyta (Synura), 
and Cyanophyta (Merismopedia). The 2011 periphyton 
community included members of Bacillariophyta such as 
Achnanthidium, Nedium, and Eipthema. The 2010 
periphyton community was characterized by Chlorophyta 
(Ankistrodesmus) and Cyanophyta (Spirulina). 
Fig. 2. Temporal variation of the percent composition of dominant genera in the periphyton community during (A) 2009, (B) 2010, and (C) 
2011. Each sampling date indicates average readings from 2 slides except from days 10, 20, and 30 when averages from 4 slides were taken. 
For each slide, 9 locations were observed to get an average reading per slide. Each sampling date is an average of the June, July, and August 
(2009 and 2010) or July and August (2011) values.
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Periphyton density
The periphyton density values varied among the 2009, 
2010, and 2011 study periods (Fig. 4A). In all 3 years, the 
maximum density of periphyton was recorded on day 20 
or day 25 (2010), while the minimum density was on day 
1. The maximum periphyton density observed was in 2009 
(8.16 log10 cells cm
−2), and the minimum was observed in 
2010 (3.9 log10 cells cm
−2). The average density observed 
during 2011 was often between those observed during 
2009 and 2010 (Fig. 4A), but density did not vary signifi-
cantly among the 3 years of study (rmANOVA, F = 1.86, 
p = 0.18; Table S2), the days of slide exposure (F = 0.11, p 
= 0.99), and the interaction with year of study and glass 
slide exposure (F = 0.06, p = 0.99). There was no relation-
ship between the number of genera and density of 
periphyton (R2 = 0.014, n = 27, p = 0.55). A lack of rela-
tionship coupled with low species diversity demonstrated 
the dominance of a few genera in the community. 
Periphyton thickness
The periphyton thickness variation among the 3 years 
(Fig. 4B) was found to be statistically significant 
(rmANOVA, F = 26.37, p < 0.001; Table S2). The 
thickness also varied significantly with the days of glass 
slide exposure (F = 10.42, p < 0.001) and the interaction 
between the year of study and the duration of glass slide 
exposure (F = 4.99, p = 0.001). The post-hoc tests 
between days of exposure showed significant thickness 
variation existed between day 1 and other days of slide 
exposure; this variation gradually reduced as the days of 
glass slide exposure increased. The year-wise comparisons 
showed thickness significantly differed in 2010 compared 
to 2009 and 2011. The maximum average biofilm 
thickness during 2009 and 2010 was observed on day 20 
and in 2011 on day 25 (Fig. 4B). While the minimum 
thickness was on day 1 during 2010 and 2011, it was on 
day 3 during 2009. 
Regression analysis showed lack of a relationship 
between periphyton thickness and the number of genera 
(R2 = 0.007, p = 0.68); however, the relationship between 
thickness and density was significant (R2 = 0.68 p < 0.001; 
Fig. 5A). The thickness and the species diversity resulted 
in a negative relationship (R2 = 0.53, p < 0.001; Fig. 5B), 
indicating that during the initial days when the biofilm 
thickness was low, the diversity was high; and as 
thickness increased, taxonomic diversity decreased, 
possibly due to the dominance of a few genera in the 
biofilms.
Fig. 3. Results of PCA conducted on the phytoplankton community composition and abundances during the 3-year study. The horizontal axis 
represents 67.8% of the variation and the vertical axis represents 32.2% of the variation. The dotted circles indicate the study year and 
associated grouping of genera with a total loading factor >50% per axis.
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This was followed by Navicula with a maximum percent 
composition of 24.7% recorded on day 1 of the study 
period (Fig. 2C). 
Examination of the relationship between water 
quality and periphyton community parameters 
The multiyear relationships between the water quality 
parameters and periphyton density, thickness, number of 
genera, and diversity were investigated using linear 
regression analysis (Table 2). The results showed no rela-
tionship between Chl-a concentrations in the water and the 
periphyton parameters. Total P concentrations showed a 
significant positive relationship (R2 = 0.59, p = 0.003) with 
the number of genera in the periphyton community but 
suggested no significant effect on the periphyton thickness 
and density (R2 = 0.2, p = 0.15 for both thickness and 
density). The DO concentrations had a significant negative 
relationship with the number of genera in the periphyton 
community (R2 = 0.52, p = 0.007), but there was no rela-
tionship to other periphyton parameters. Water temperature 
Dominant genera 
The percent composition of the 2 most dominant genera, 
which were consistently Bacillariophyta for years 2009, 
2010, and 2011, shows a gradual but definite change in the 
dominance of genera (Fig. 2; day 5 slides were lost in 
2011). Navicula dominated the periphyton community in 
2009 with a percentage composition >80% from day 10 
(maximum 97% on day 20). The next dominant genus 
during this period was Gomphonema with a maximum 
percent composition of 15.4% on day 7 of the community 
development (Fig. 2A). In 2010, Achnanthidium showed 
dominance toward the end of the study period with a 
percent composition >70% from day 20 with a maximum 
of 82%. 
The next dominant genus observed during this period 
was Cocconeis with a maximum percent composition of 
60.7% on day 5 (Fig. 2B). In 2011, the most dominant 
genus was once again Achnanthidium in the latter part of 
the study period with a percent composition >80% from 
day 15 with a maximum of 95% recorded on day 30. 
Fig. 4. Temporal variation in the (A) periphyton density and (B) biofilm thickness with the duration of coupon exposure at NW Lake Simcoe. 
Each sampling point indicates average readings from 2 slides except from days 10, 20, and 30 when averages from 4 slides were taken. For 
each slide, 9 locations were observed to get an average reading per slide. Error bars indicate 1 standard deviation.
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had only a marginal fluctuation during the study period but 
showed a near significant relationship with periphyton 
density and diversity (p = 0.09 and 0.08, respectively). 
The DOC concentrations did not demonstrate any relation-
ship with the biofilm parameters (Table 2).
The results of regression analyses within each study 
year showed near  significance between TP concentrations 
and the periphyton community parameters in 2009 
(R2 = 0.85, p = 0.06 for biofilm thickness; R2  = 0.82, 
p = 0.08 for periphyton density; and R2 = 0.90, p = 0.05 
for periphyton diversity). DO was also a near significant 
predictor of periphyton density in 2009 (R2 = 0.75, 
p = 0.05; a negative relationship). In 2010, only nitrate 
concentrations showed significant or near significant rela-
tionships with periphyton community parameters 
(R2 = 0.93, p = 0.03 for number of genera; R2 = 0.97, 
p = 0.01 for density; and R2 = 0.82, p = 0.09 for diversity; 
all negative relationships except for diversity). In 2011, 
the TP concentrations, Chl-a concentrations, and water 
temperature showed significant relationships with various 
periphyton community parameters. Specifically, TP con-
centrations showed a significant or near significant rela-
tionship with periphyton thickness (R2 = 0.77, p = 0.06; 
negative relationship), density (R2 = 0.97, p = 0.005), and 
diversity (R2 = 0.97, p = 0.002). Chl-a had a significant re-
lationship with the number of genera (R2 = 0.85, p = 0.02), 
and a near significant relationship with periphyton 
thickness (R2 = 0.86, p = 0.06) and density of periphyton 
(R2 = 0.83, p = 0.08). Water temperature showed a 
significant relationship with periphyton thickness 
(R2 = 0.95, p = 0.012) and density (R2 = 0.81, p = 0.03), 
and a near significant relationship with diversity 
(R2 = 0.83, p = 0.08). These results show that periphyton 
community development was influenced by water quality 
parameters, but that the importance of different water 
quality parameters differed with the year of study.
Discussion
To understand the relationship between biota and water 
quality parameters in inland water ecosystems, long-term 
studies are necessary. A close scrutiny of biological 
ecosystem components and their fluctuations in relation to 
ecological perturbations will help identify appropriate 
indicators of ecosystem health. The present study investi-
gated the relationship between water quality and 
periphyton parameters from the shallow areas of Lake 
Simcoe. While a consistent significant relationship could 
not be found between TP and periphyton parameters from 
this area, the results indicated a notable impact of TP con-
centration on periphyton thickness, number of genera, and 
density, suggesting the possibility of using these 
periphyton parameters as indicators of TP concentration in 
this part of Lake Simcoe. 
Fig. 5. Results of linear regression analysis between (A) periphyton thickness and density and (B) periphyton thickness and Shannon-Weiner 
diversity index in the periphyton community during the study at NW Lake Simcoe.
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The year-wise comparisons also showed a mostly 
positive relationship between TP and the periphyton 
parameters in 2009 and 2011, but not in 2010. The influence 
of DO on periphyton parameters was limited to the number 
of periphyton genera in the 3-year pooled data, while 
year-wise analysis showed a significant relationship only 
with periphyton density. Another notable relationship was 
between nitrate concentrations in the subsurface water with 
most of the periphyton parameters in the year 2010. These 
findings indicate the role played by nutrient concentrations 
in this shallow water area on the periphyton community. In 
addition, water temperature was positively related to the 
periphyton parameters, suggesting the influence of 
subsurface water temperature on the periphyton community, 
possibly by positively influencing periphyton physiological 
activities such as growth and cell division. Results of this 
study suggest periphyton community parameters may be 
useful water quality indicators in the NW part of Lake 
Simcoe, but inconsistent relationships with water quality 
among years indicate more work needs to be done before 
suggesting a viable periphyton based water quality index 
for this shallow area of Lake Simcoe.
 A great deal of research is being conducted in the 
Lake Simcoe watershed to help restore water quality and 
the coldwater fishery. The TP concentrations observed 
from this study locality were comparable with previously 
reported values from nearby areas of Lake Simcoe through 
the Lake Partner Program, which reported TP concentra-
tions between 0.009 (27 Jun 2009) and 8.4 mg L−1 (14 Jul 
2011; 2002–2011 data; OMOE 2012). Also, a mean TP 
concentration of 0.010 mg L−1 reported in Atherley 
Narrows (another nearby location) by Eimers et al. (2005), 
and an average concentration of 0.04 mg L−1 reported 
along the shoreline of Lake Simcoe by Kilgour et al. 
(2008) are similar to the values observed during this study. 
As reported recently by North et al. (2013), however, the 
TP loading and other biological and chemical parameters 
in Lake Simcoe are changing continuously. Because the 
periphyton community responds to the fluctuation of 
nutrient concentrations in the subsurface water of the 
Table 2. Results of linear regression analyses between periphyton parameters and July water quality parameters in NW Lake Simcoe between 
2009 and 2011.
Variables n Intercept Slope R2 p
Chl-a vs. No. of genera 12 15.33 0.038 0.002 0.88
 Thickness 12 36.61 0.19 0.008 0.78
 Density 12 0.95 1.16 0.02 0.60
 Diversity 12 1.112 −0.0167 0.08 0.37
TP vs. No. of genera 12 2.75 1.225 0.59 0.003**
 Thickness 12 57.64 -1.83 0.198 0.146
 Density 12 21.26 −1.6 0.195 0.151
 Diversity 12 0.498 0.044 0.15 0.21
DO vs. No. of genera 12 29.06 −1.87 0.522 0.007**
 Thickness 12 30.48 1.09 0.03 0.61
 Density 12 5.2 0.28 0.02 0.69
 Diversity 12 1.106 −0.02 0.01 0.75
Temp vs. No. of genera 12 4.84 0.52 0.02 0.63
 Thickness 12 95.36 −2.76 0.09 0.32
 Density 12 12.7 −0.29 0.25 0.09*
 Diversity 12 −1.62 0.12 0.26 0.08*
DOC vs. No. of genera 12 −22.1 11.36 0.19 0.17
 Thickness 12 50.64 −3.72 0.003 0.87
 Density 12 10.73 −1.24 0.07 0.38
 Diversity 12 −1.31 0.68 0.13 0.25
** significant (p < 0.05) 
* near significant (0.05 ≤ p < 0.1)
TP = total phosphorus; DO = dissolved oxygen; Chl-a = chlorophyll a; Temp = water temperature; 
DOC = dissolved organic carbon
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shallow areas of Lake Simcoe, studies on periphyton 
community dynamics in relation to water chemistry may 
indicate the local water quality, which has obvious impli-
cations for the water quality of the lake as a whole. 
The results of the PCA showed considerable variation 
in periphyton community structure among the years of 
study. The presence of a greater number of Chlorophyta 
distinctly separated the 2009 community from the other 2 
years, which had a greater number of Bacillariophyta 
genera. The presence of a large number of Chloropyta 
genera can be indicative of low nutrient concentrations 
(Karthick et al. 2010), although not always because some 
studies have observed no direct relationship between 
nutrient dynamics in flowing water and the periphyton 
community (Cattaneo 1987, Lambert et al. 2008). This 
lack of relationship between periphyton and nutrient con-
centration has been attributed to the influence of physical 
factors such as the availability of light for the community 
to grow (DeNicola et al. 2003). The presence of a greater 
number of Chlorophyta in 2009 and lower mean TP con-
centration in 2009 than in 2010 and 2011 (as well as 
presumably lower nitrate in 2009 than in 2010) may 
suggest that when nutrients are low, there is a greater 
number of Chlorophyta.
 An important result of this study was the observed 
variation in the number of genera and their abundance 
over the 3 years. The 2009 periphyton community was 
dominated by the genus Navicula, indicating high nutrient 
concentration and low N:P ratio in the water column 
(Fairchild et al. 1985, Pringle 1990, Stelzer and Lamberti 
2001). Although N:P ratios were not investigated in this 
study, TP concentrations were low in 2009 relative to 
2010–2011, suggesting other factors were contributing to 
the observed dominance by Navicula. The periphyton 
community in 2010 and 2011was dominated by the genera 
Achnanthidium and Cocconeis (in the early phase of 
community development), which according to Stelzer and 
Lamberti (2001) could also indicate a high N:P ratio. 
The variation in dominance of Bacillariophyta 
members in the periphyton community may indicate the 
fluctuation of nutrient concentrations in the water because 
the main supply source of nutrients for the periphyton 
community is the overlying water (Fairchild et al. 1985, 
Pringle 1990, Stelzer and Lamberti 2001). Additionally, 
the nutrient requirement for different groups of periphyton 
varies, and therefore a good representation of a certain 
group of algae may indicate the nutrient status of the 
water. Additional work is needed to better understand the 
environmental factors that regulate Bacillariophyta, as 
well as other periphyton genera, in NW Lake Simcoe.
The periphyton community composition may also be 
affected by initial colonizers, their reproductive strategies, 
inter- and intraspecific competition for space and 
nutrients, and the presence of grazers (Lock et al. 1984, 
Stelzer and Lamberti 2001, Huws et al. 2005). Although 
the influence of most of the above mentioned factors have 
not been studied adequately, there is growing evidence 
that grazers can influence the periphyton community 
composition. Grazing ciliates such as Urostyla spp. and 
Paramecium bursaria have been shown to significantly 
affect the spatial heterogeneity of biofilm communities 
(Weerman et al. 2011). Grazing pressure of ciliates and 
flagellates on microphytobenthos, primarily diatoms, has 
also been reported to significantly impact the population 
density of diatoms on sediment particles (Epstein 1997). 
Grazing by ciliates can also have a high impact on smaller 
forms of diatoms such as Amphora paludosa but a lower 
impact on larger forms such as Navicula, Gyrosigma, and 
Pleurosigma. 
The dominance of Bacillariophyta played a major role 
in periphyton density. The density of periphyton showed 
the highest value in 2009, followed by 2011 and 2010, re-
spectively. The high density did not result in a positive rela-
tionship with the number of periphyton genera in the 
community as observed previously from this ecosystem 
(Kanavillil et al. 2012), however, due to the monopolization 
of the periphyton community by a small number of genera 
toward the end of the study. The Bacillariophyta dominance 
is reflected in the Shannon-Weiner diversity index, which 
showed lower values toward the end of the study period. 
Aquatic ecosystems with high species diversity are 
described as having good water quality (Rosenberg et al. 
2004), although this is not always true, as observed in 
coldwater stream studies in Wisconsin (Lyons et al. 1996). 
Ecosystems with low species diversity but with dominant 
species sensitive to water quality can also indicate 
unimpaired water quality (RVCA 2003). The water quality 
observed at this locality during the study was comparable 
to that observed for nearby localities of Lake Simcoe 
(Kanavillil et al. 2012, OMOE 2012, North et al. 2013), 
suggesting a similar water quality standard for this area. 
Danilov and Ekelund (2001) compared various 
substrata to study periphyton communities in Lake Simcoe 
and suggested glass slides as a good substratum surface to 
represent community changes occurring on other natural 
substrata such as wood and rock surfaces. The variation of 
Shannon-Weiner diversity observed during this study is 
therefore considered representative of that occurring on 
natural surfaces. Changes in periphyton community over 
time (i.e., the age of the periphyton community) are 
significant in devising a biological water quality indicator 
for Lake Simcoe. For instance, higher species diversity in 
the early age of periphyton community versus low species 
diversity in an aged periphyton community will send 
different signals of assessment according to the above-
mentioned studies. To devise a water quality index using 
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periphyton diversity for Lake Simcoe, a close monitoring 
of the periphyton community over time with adequate 
repetition is necessary to better understand the relation-
ship between diversity and water quality.
The growth of the periphyton community resulted in 
increased biofilm thickness and periphyton densities. Ex-
tracellular polymeric substances produced by this 
community contribute largely to the thickness of biofilms 
(Hunt et al. 2003) that help periphyton survive stressful 
environmental conditions (Kanavillil et al. 2006, 
Kanavillil and Kurissery 2008). The biofilm thickness and 
periphyton density in this study showed a significantly 
positive relationship, while there was no relationship 
between the number of genera in the community and 
thickness. Additionally, thickness was negatively related 
to the Shannon-Weiner diversity index, which is not in 
agreement with an earlier report from this locality that 
compared periphyton community dynamics between 3 
different study locations in 2009 (Kanavillil et al. 2012). 
These results show that as the biofilm thickness grew 
the number of genera did not increase; however, the 
density of a few genera increased, resulting in the growth 
of biofilm thickness. Thus, the thickness of periphyton 
could be a useful indicator of the age of the community 
because it gradually increased with length of exposure for 
the first 1–2 weeks. Although periphyton thickness is 
considered to be one of the most important periphyton 
community parameters, it did not contribute notably as an 
indicator of taxonomic diversity or richness. 
In conclusion, periphyton communities that developed 
on glass coupons in NW Lake Simcoe showed annual 
variation with respect to the dominant genus and 
community composition and showed significant annual 
variation with respect to the biofilm thickness, number of 
genera, and diversity but not with the total density of 
periphyton. There were many significant relationships 
between water quality parameters and periphyton 
parameters in NW Lake Simcoe, which indicate the 
possibility of using periphyton community dynamics as 
a biological index of water quality of this location, 
but intra- and interannual differences in the relationships 
with water quality indicate more work is required. 
Additional data on the dynamics of periphyton 
communities along with water chemistry from this 
locality over several years will prove useful to devise an 
efficient biological index system for Lake Simcoe. 
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